Recursive equations were developed and introduced that enable to calculate the transmitted waves through a multiplicity of layers. The calculations are carried out using z-transform technique. The layers are considered lossless and have parallel interface, which are at normal incidence to the eld. The multilayered structures are constructed of three aluminum plates connected together with epoxy as the adhesive layers. The method has been successfully used to detect small changes in the thickness of adhesive layers.
Introduction
Several ultrasonic techniques [15] have been used to characterize adhesive bonds. The ability to interpret the output signal and relating to joint quality to improve them by computational means, depends much on our understanding the physical phenomena that aect the wave behavior in the material. In this paper, the similarly analogous electrical transmission line equivalent circuits [6, 7] can be employed to represent acoustic propagation through thin layers of material, plane-wave propagation being assumed throughout. The z-transform technique is applied to the Laplace model to yield a discrete time model of transmitted acoustic wave through thin layers. The model has been used to calculate the force transfer across these layers. The time domain and frequency domain have been computed through very thin adhesive bond. The response for transmission of acoustic waves through adhesive layers and arbitrary input function can be estimated rapidly. The eect of adhesive thickness has been investigated.
Discrete time model
When using the analogy between electrical and mechanical transmission lines [8] it is known that the transmission matrix of two transmission lines connected in tandem is equal to the product of the individual matrices [9] . This can be generalized to obtain the expression of the transmission matrix for any number of transmission lines connected in tandem. From this, the transfer * corresponding author; e-mail: mgalal09@yahoo.com of force across an arbitrary number of layers can be obtained [10] . The transfer of force from one material of acoustic impedance Z L to another of acoustic impedance Z R can be described in simple terms (analogous to voltage). The received force, F 0 is given in terms of the incident force, F i , by the expression
where
is the reection coecient in terms of force at boundary between the two media. Fig. 1 . The equivalent circuit of a mechanical layer.
The transfer of force from a material of impedance Z L through a layer of impedance Z 1 to a material of impedance Z R can be represented in Fig. 1 . In this gure Z S and Z T represent the distributed components of the equivalent circuit of a transmission line, however in this case Z S and Z T have a mechanical interpretation,
and (82)
where X 1 is the thickness of the acoustic layer, V 1 is the velocity of the compression wave in the layer material of acoustic impedance Z 1 and the Laplace variable S is the complex frequency. The term X 1 /V 1 = T p represent the time delay for an acoustic wave to propagate from one face of the acoustic layer of impedance Z 1 to the other. For digital computers it is convenient to consider continuous time as being sampled at regular intervals of T seconds, where T is the sampling period. It is clear that a number of discrete time intervals could approximately represent the time delay mT where m is an integer. In terms of the Laplace transform [11] the time delay e −SX 1 /V1 approximates to e −Sm 1 T = z −m 1 , where the substitution z = e ST has been made and the approximate time delay is given in terms of the z-transform [12] . By using standard circuit analysis techniques and with the appropriate z-transform expression substituted for Z S and Z T , the force transfer across one layer can be described as
Equation (5) can be interpreted as a recurrence relationship between the sampled versions of F 1 (t) and F i (t). The relationship is
The expression for two layers can be interpreted as a recurrence relationship which represents a digital lter relating the n-th sample of the transmitted force to the n-th and previous samples of the input force wave form and previously calculated force output values
The digital lters representing the transfer of force across three and four layers can be obtained in the manner. The transfer force across ve layers can be written as It is clear that s recursive Eq. (8) can be used to obtain the expression for the force transfer across a ve number of layer.
Results
A Kronecker impulse of unit amplitude was put into the lter. Table shows the materials layers data that have been used in this technique. Assuming the sound propagation time is dierent for each layer according to the velocity of longitudinal waves. The layered acoustic structure is assumed to be bounded on either side by materials of dierent characteristic impedance and innite in extent. The layers are surrounded on the front face by perspex material and by air on the back face. The simulation were carried out with an eective sampling time of 2 ns. An adhesive bonded multilayered structure consists of several layers of dierent materials connected together with thin adhesive layers. The multi-layered structures are constructed of three aluminum plates connected together with epoxy as the adhesive layers. Figure 2 shows the multi-layered structure that have been used in this technique. Figure 3 shows the impulse time response function for the ve layers arrangement respectively as described in Table with adhesive layers thickness equal to 0.2 mm. The resulting frequency response curve is plotted in Fig. 4 . From this gure, it can be seen that the frequency response is periodic with a period equal to the ratio of the velocity of sound propagation to the thickness of the layer. Figure 5 is a repetiton of the simulation of Fig. 3 but with adhesive thickness 0.15.
The corresponding frequency response curve is shown in Fig. 6 . It is clear from these gures that the shape of the time and frequency domain is sensitive to the thickness of adhesive layers and able to detect small change in the thickness. It is clear from all of these results that calculation using the technique proposed in this paper yields accurate determination of the transmission of pressure waves through several layers of dierent materials connected together with thin adhesive layers. 4 . Conclusions A discrete time model which accurately describes the pressure time response of multilayered acoustic structure has been developed. The z-transform has been applied to the Laplace model to yield the impulse response of transmitted force across several layers of dierent materials connected together with thin adhesive layers. The method has the advantage that the response can be estimated rapidly and detect thin adhesive layers.
